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Ultrafast laser excitation can create coherent
superpositions of electronic states in molecules
and trigger ultrafast flow of electron density on
few- to sub-femtosecond time scales. While re-
cent attosecond experiments have addressed real-
time observation of these primary photochemical
processes, the underlying roles of simultaneous
nuclear motions and how they modify and dis-
turb the valence electronic motion remain uncer-
tain. Here, we investigate coherent electronic-
vibrational dynamics induced among multiple vi-
bronic levels of ionic bromine (Br+2 ), includ-
ing both spin-orbit and valence electronic super-
positions, using attosecond transient absorption
spectroscopy. Decay, revival, and apparent fre-
quency shifts of electronic coherences are mea-
sured via characteristic quantum beats on the
Br-3d core-level absorption signals. Quantum-
mechanical simulations attribute the observed
electronic decoherence to broadened phase distri-
butions of nuclear wave packets on anharmonic
potentials. Molecular vibronic structure is fur-
ther revealed to be imprinted as discrete pro-
gressions in electronic beat frequencies. These
results provide a future basis to interpret com-
plex charge-migration dynamics in polyatomic
systems.
The most elementary step of photochemical reactions
is the ultrafast response of valence electrons, which
can occur faster than the subsequent rearrangements of
molecular geometry [1, 2]. These pure electronic dy-
namics are described by coherent superpositions of two
or more electronic states, in which the interference be-
tween electronic wave functions gives rise to oscillations
of total electron density. Few-electronvolt energy spac-
ings of valence electronic levels dictate that the time
scales of electronic motions can be as short as few- to
sub-femtosecond. Experimental access to coherent elec-
tronic dynamics has been enabled by the recent advent of
high-harmonic-generation-based ultrafast x-ray sources,
which provide unprecedented attosecond time resolution
as well as intrinsically broad spectral windows that ad-
dress atomic core orbitals [3–5]. Early attosecond experi-
ments demonstrated that strong-field ionization can pre-
pare coherent superpositions of valence spin-orbit states
in rare-gas atoms [6, 7]. Coherent electronic motion
occurring through chemical bonds, a process known as
charge migration, has been reported in a few molecular
systems [8, 9].
Despite recent success in the characterization of elec-
tronic coherences, the roles of simultaneous nuclear mo-
tions remain elusive. In a model case where the nuclear
motions are frozen, coherent electronic dynamics con-
tinue indefinitely at a fixed period. In a real system
with moving nuclei, however, molecular vibrations, in-
tramolecular vibrational redistribution, dissociation, and
curve crossings occur on femtosecond time scales, affect-
ing the phase and overlap relations between the electronic
states, and thus leading to decoherence [2]. Furthermore,
the nuclear degrees of freedom in molecules add complex-
ity to the energy landscapes of electronic dynamics. In-
stantaneous energy spacings of electronic states change
in time as molecular vibrations and dissociation occur,
which translate to apparent frequency shifts of coherent
electronic motions. The characteristics of bound or disso-
ciative potential surfaces determine the frequency spec-
tra of electronic quantum beats, in an analogous way to
discrete vibrational progressions or continuous spectral
bands of optical absorption and photoelectron spectra
[10].
Experimental studies of coherent electronic-vibrational
dynamics are rare, and many of the first attosecond ex-
periments were on atomic systems [6, 7, 11, 12]. There
are reports on molecules, but significant effects of the
molecular vibrations have yet to be discussed [11, 13–
16]. In optical-domain experiments, electronic super-
positions were reported for the Fenna-Matthews-Olsen
photosynthetic complex [17], which generated consider-
able discussion concerning the role of electronic versus
vibrational coherences in large molecules. In attosecond
charge-migration studies, the role of vibrational motions
has been considered in the context of decoherence, and
theoretical predictions await experimental verifications
[18–23]. Revealing the role of nuclear motions in regulat-
ing and perturbing electronic coherences is fundamental
to attochemistry [24] and ultimately to designing ultra-
fast laser control of photochemical dynamics [25, 26].
Here, we present an attosecond transient absorption
study on coherent electronic-vibrational dynamics of
ionic molecular bromine (Br+2 ). This species has several
bound electronic states in the valence levels [27–29], and
thus offers an ideal platform to study vibronic superposi-
tions. Also, no intramolecular vibrational redistribution
can occur in diatomic molecules, and the effects of vibra-
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FIG. 1. Outline of the experiments, long-delay measurements, and electronic structure of bromine. a, Illustration
of the attosecond transient absorption setup. b, Long-delay transient absorption spectra of bromine. Vibrational dynamics
induced among multiple bound ionic states are clearly resolved. c, Fourier-transform (FT) analysis of the transient absorption
spectra. The FT frequencies and the corresponding vibrational periods are denoted. d, Ab-initio potential energy curves of
bromine. e,f, Transition dipole moments from the (e) X2Π3/2,g and (f) X
2Π1/2,g states to the excited electronic states. The
gray shades show the Franck-Condon region of the neutral bromine.
tional dephasing and recurrences on electronic superpo-
sitions can be interpreted explicitly.
Figure 1a shows the schematic of the experiment (see
Methods for the details). A few-cycle near-infrared (NIR)
pulse (< 4 fs) induces strong-field ionization and ex-
citation of bromine, launching coherent superpositions
among its ionic electronic states. A subsequent attosec-
ond extreme-ultraviolet (XUV) pulse (< 200 as) arriving
after a delay time τ probes the coherent dynamics via
Br-3d core-level absorption at photon energies of ∼ 65
eV. Pump-on and pump-off XUV spectra are collected
at each delay time, and the absorption spectrum is de-
fined by the differential optical density, ∆OD(ω, t) =
− ln [Ion(ω, t)/Ioff(ω, t)]. Transitions from core orbitals,
whose energies and shapes remain nearly unperturbed
throughout the reaction coordinates, serve as sensitive
reporters of valence dynamics [30]. Basic experimental
conditions required to characterize electronic coherences
are (i) the temporal duration of the pump pulse is shorter
than the time scales of electronic coherences and (ii) the
probe pulse has a sufficiently broad bandwidth to pro-
mote the valence-state populations to a common final
state. The few-cycle NIR pump, attosecond XUV probe
configuration of this experiment satisfies these require-
ments, and electronic coherences manifest as character-
istic quantum beats in the transient absorption signals
[31].
Figure 1b shows the transient absorption spectra
recorded from -30 to 1700 fs at 10-fs intervals. The vibra-
tional dynamics are characterized in this long-delay mea-
surement, which allows tentative state assignments to be
made. Figure 1c shows the Fourier transform analysis of
the transient absorption spectra, and Fig. 1d shows ab-
initio potential energy curves of bromine (see Methods
for the details). Experimentally known vibrational fre-
quencies are noted below, but the calculated potentials
are required for the coherent vibronic simulations dis-
cussed later. The spectroscopic parameters of Br+2 are
summarized in the Supplementary Table 1.
The higher frequency features at 320 and 359 cm−1
match the harmonic frequency of the neutral X1Σ0+,g
state (323.3 cm−1) and those of the ionic X2Π3/2,g and
X2Π1/2,g states (364.9 and 361.2 cm
−1), respectively
[27, 28]. These ground-state vibrational features have
already been characterized in a previous study with 40-fs
NIR excitation [32]. The lower vibrational frequencies
at 176 and 145 cm−1 are newly observed in the this ex-
periment, and they are assigned to loosely-bound ionic
excited states, A2Πu and
4Σu (Fig. 1d). The experi-
mentally known harmonic frequencies are 205.0, 160.8,
200.6, and 197.8 cm−1 for the 2Π3/2,u, 2Π1/2,u, 4Σ3/2,u,
and 4Σ1/2,u states, respectively [29]. The deviations be-
tween the measured and reference harmonic frequencies
implicate a vibrational anharmonicity and a significant
manifold of higher vibrational states excited among these
electronic states. Ab-initio simulations of transient ab-
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FIG. 2. Short-time measurements for electronic coherences. a, Transient absorption spectra of bromine recorded
from -30 to 1700 fs at 1.5-fs intervals. Two spectral regions X (66.7-67.0 eV) and A/Σ (64.5-64.9 eV) are marked by dashed
boxes. b,c Window Fourier-transformation analysis of the transient absorption spectra for (b) region X and (c) region A/Σ.
In region X, a constant beat frequency of 0.35 eV is observed, representing electronic coherence in the X2Πg states. In region
A/Σ, dramatic variations of the beat frequency and amplitude are observed. These results are indicative of important roles of
vibrational motions to maneuver electronic quantum beats.
sorption spectra could provide unambiguous state assign-
ments, but are not pursued in this study because such
simulations for an open-shell halogen are computation-
ally too demanding.
Electronic coherences are characterized in short delay-
time measurements recorded from -17 to 466 fs at 1.5-fs
intervals (Fig. 2a). Note that coherences between the dif-
ferent g/u symmetry states, i.e., X2Πg and A
2Πu/
4Σu,
cannot be detected in the present probing scheme be-
cause the g ↔ u selection rule prohibits the different g/u
states to reach a common final state. The main focus is
placed on electronic quantum beats in two spectral re-
gions marked as X (66.7-67.0 eV) and A/Σ (64.5-64.9
eV) (Fig. 2a), wherein the faster (359 cm−1) and slower
(145 and 176 cm−1) vibrational signals are observed, re-
spectively. Instantaneous beat frequencies are analyzed
by taking window Fourier transformation (FT) with a
85-fs super-Gaussian function, and the results are shown
in Figs. 2b,c. The window-FT results around zero de-
lay time are not discussed because of the strong zero-
frequency background originating from the sharp rise of
the ionic signals (See Supplementary Figure 1 for the full
spectrogram).
In region X, a constant beat frequency of 0.35 eV (11.9-
fs periodicity) is observed (Fig. 2b). This value matches
the spin-orbit splitting in the X2Πg states (0.350 eV)
[28], and it can be assigned to electronic coherence be-
tween the X2Π3/2,g and X
2Π1/2,g states. This result reaf-
firms that strong-field ionization driven by a few-cycle
NIR pulse can create coherent superpositions of the spin-
orbit doublet states in the ground-state ions, as already
demonstrated for several atomic and molecular systems
[6, 7, 11, 14, 16].
The electronic quantum beats in region A/Σ exhibit
an entirely different behavior (Fig. 2c). A quantum beat
of 0.32 eV is observed around 100 fs and it decays in
time. A new beat feature at 0.22 eV emerges transiently
around 200 fs, and the same frequency component revives
around 400 fs. The shifts in the observed beat frequen-
cies as well as the decay and revival of the quantum beats
are particularly important as they are indicative of the
unique role of the vibrational motions underlying elec-
tronic decoherence and recoherence.
As an initial guess for the origin of the observed quan-
tum beats in region A/Σ, an excitation scenario is consid-
ered in which coherent wave packets are launched on the
A2Π3/2,u and
4Σ3/2,u potentials via single-photon exci-
tations from the X2Π3/2,g state (Fig. 1d). This proposal
is based on the following two reasons. First, the energy
spacings between the ground X2Πg states and the excited
A2Πu and
4Σu states (1.5-2.3 eV) are within the cover-
age of the broadband NIR spectrum. Direct ionization to
the ionic excited states is unlikely, as it was not observed
in the previous experiment with a narrowband (40-fs)
NIR excitation [32]. Second, the X2Πg to A
2Πu/
4Σu
one-photon excitations have large transition probabili-
ties, as they correspond to strong pi-pi∗ excitations (Fig.
1d). The calculated transition dipole moments from the
X2Π3/2,g and X
2Π1/2,g states are shown in Figs. 1e and
f, respectively. The results reveal that the A2Π3/2,u and
4Σ3/2,u states can be accessed simultaneously via optical
dipole transitions from the X2Π3/2,g state (Fig. 1e) and
predict that there should be no electronic coherence be-
tween the A2Π1/2,u and
4Σ1/2,u states prepared by this
dipole-transition mechanism (Fig. 1f).
Coherent wave-packet dynamics of bromine are sim-
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FIG. 3. Wave-packet simulation of the electronic quantum beats. a,b, A false-color plot for the simulated probability
distributions of the nuclear wave packets on the (a) X2Π3/2,g and (b) X
2Π1/2,g states. Black dashed curves show the center
of amplitude of the wave packets. c, Energy spacing (∆E) between the X2Π3/2,g and X
2Π1/2,g states as a function of the
internuclear distance. The dashed box highlights the energy spacing around the region of the vibrational motion. d, Spatial
overlap (Sij , blue curve) and electronic coherence (Cij , gray curve) between the nuclear wave packets on the X
2Π3/2,g and
X2Π1/2,g states. e, Window Fourier-transform analysis of the calculated electronic coherence in (d). The constant 0.35 eV
component well reproduces the experimental results. f,g, Simulated probability distributions of the nuclear wave packets
on the (f) A2Π3/2,u and (g)
4Σ3/2,u states. h, Energy spacing between the A
2Π3/2,u and
4Σ3/2,u states as a function of
the internuclear distance. The dashed boxes highlight the energy spacings around the inner and outer turning points of the
vibrational motions. i, Spatial overlap (blue curve) and electronic coherence (gray curve) between the nuclear wave packets
on the A2Π3/2,u and
4Σ3/2,u states. j, Window Fourier-transform analysis of the calculated electronic coherence in (i). The
experimentally observed frequency shifting and beat revival are reproduced.
ulated by numerically solving the time-dependent
Schro¨dinger equation (see Methods for the details). The
states included in the simulations are X2Π3/2,g and
X2Π1/2,g for region X, and A
2Π3/2,u and
4Σ3/2,u for re-
gion A/Σ. The initial wave packets are prepared by ver-
tical projection of the neutral ground-state wave func-
tion. The nuclear wave packets on two different elec-
tronic states, ψi(R, t) and ψj(R, t), are characterized by
the coherence Cij and spatial overlap Sij that are defined
as [20]
Cij(t) = Re
[∫
ψ∗i (R, t)ψj(R, t)dR
]
(1)
Sij(t) =
∫
|ψ∗i (R, t)ψj(R, t)| dR. (2)
The real term is taken for the coherence instead of its ab-
solute value in order to visualize the actual beats. This
coherence can be associated with the observed quantum
beats assuming that the XUV absorption strengths are
largely invariant within the region of the vibrational mo-
tions. Comparison between Cij and Sij helps identify
whether decoherence is caused by the loss of spatial over-
lap (Sij ≈ |Cij |), or by dephasing (Sij > |Cij |) [20, 33].
The nuclear wave-packet motions on the X2Π3/2,g and
X2Π1/2,g potentials are shown in Figs. 3a and b, respec-
tively. The energy spacing between the two potentials is
relatively flat in the vicinity of the equilibrium distance
(Fig. 3c), as it mostly originates from the spin-orbit cou-
pling in the pi∗ orbital. The X2Π3/2,g and X2Π1/2,g states
thus exhibit identical vibrational motions, and the spatial
overlap and coherence between the nuclear wave packets
are perfectly maintained throughout the simulated time
range (Fig. 3d). The window-FT analysis is performed
on the simulated coherence, and the result is shown in
Fig. 3e. The simulation reproduces the observed quan-
tum beat at 0.35 eV, providing clear confirmation of the
signal assignment.
The nuclear wave-packet motions on the A2Π3/2,u and
4Σ3/2,u potentials are shown in Figs. 3f and g, respec-
tively. The wave packets sweep across the two loosely
bound potentials, with the center of amplitude (dashed
curves) reaching R ≈ 3.0 A˚. The wave packets return to
the inner turning point at 193 and 186 fs for the A2Π3/2,u
and 4Σ3/2,u states, respectively, and these calculated pe-
riods agree with the experimentally observed period of
190 fs (Fig. 1c). The coherence and spatial overlap ex-
hibit dramatic variation as the wave packets evolve on
the highly anharmonic potentials (Fig. 3i). The window-
FT analysis is shown in Fig. 3j, and the simulated re-
sults successfully reproduce the experimental electronic
quantum beats including the frequency shifting and the
beat revival (Fig. 2c). The two beat frequencies, 0.35
and 0.24 eV (Fig. 3j), approximately correspond to the
energy spacings of the A2Π3/2,u and
4Σ3/2,u potentials
5at the outer-turning points and inner-turning points, re-
spectively (Fig. 3h). The correspondence between the
instantaneous beat frequencies and the inner/outer en-
ergy spacings is further verified in a cosine-function fit-
ting analysis (Supplementary Figure S2).
More insights into the coherence dynamics can be ob-
tained by inspecting the wave-packet motions and com-
paring Sij and Cij (Figs. 3f-i). The wave packets main-
tain a high degree of coherence after the excitation until
they reach the outer turning points at ∼ 100 fs (Fig.
3i), as they have a high degree of spatial overlap and
a well-defined phase relation. As the wave packets re-
turn from the outer turning points, the spatial overlap
remains high but the coherence starts to exhibit a grad-
ual decrease (Fig. 3i). This is because the wave packets
are significantly broadened at the outer turning points
by the large anharmonicity of the excited potentials, and
the developed phase distribution leads to a temporary
decoherence. When the wave packets return to the inner
turning points at ∼ 190 fs (Figs. 3f,g), they are localized
at the same initial position of R = 2.3 A˚, a well-defined
phase relation is recovered, and the electronic coherence
revives (Fig. 3i). The recovered electronic coherence
does not last long, because the spatial overlap sharply
decreases when the wave packets leave the inner turning
points. The revival of electronic coherence occurs when
the wave packets are localized again at the inner turning
point (∼ 380 fs), while the accrued effects of dephasing
between the nuclear wave packets result in a smaller beat
amplitude (∼ 50% decrease).
So far, the electronic-vibrational dynamics have been
viewed as a pair of nuclear wave packets moving on
two electronic potentials, and the observed instantaneous
beat frequencies are associated with the energy spacings
that vary as a function of the internuclear distance. Al-
ternatively, each wave packet can be viewed as a superpo-
sition of multiple vibrational eigenfunctions, and this pic-
ture brings to light that electronic quantum beats should
consist of a finite number of frequency components that
strictly correspond to discrete energy spacings of vibronic
levels.
The first step for analyzing the vibronic structure is to
decompose the coherence term into pairs of vibrational
eigenfunctions φv and ϕv′ ,
Cij(t) = Re
∑
v,v′
a∗v(t)bv′(t)
∫
φ∗v(R)ϕv′(R)dR
 (3)
= Re
∑
v,v′
pv,v′Sv,v′e
iθv,v′ e−i∆ωv,v′ t
 . (4)
The vibrational eigenfunctions, φv and ϕv′ for the
A2Π3/2,u and
4Σ3/2,u states, respectively, as well as the
calculated population distributions assuming the vertical
projection of the neutral wave function are shown in Figs.
4a-d. The weight of each v-v′ vibronic pair is given by
a cross population pv,v′ = |a∗v(0)bv′(0)| and a cross over-
lap Sv,v′ =
∣∣∫ φ∗v(R)ϕv′(R)dR∣∣. The phase evolves at a
constant rate of ∆ωv,v′ . The initial phase information
is stored in θv,v′ , which is unimportant for the current
analysis.
The population term reaches its maximum at (v, v′) =
(12, 17) (Fig. 4e). Among the numerous v-v′ pairs pop-
ulated by the strong-field excitation, the overlap term
factors out only those with v ≈ v′ because of the approx-
imate orthogonality between the vibrational eigenfunc-
tions (Fig. 4f). The product weight terms pv,v′sv,v′ are
shown in Fig. 4g. The v′ = v−1 series makes the largest
contribution, and the v′ = v + 2-6 series yield additional
contributions. The energy spacings of the v-v′ pairs are
shown in Fig. 4h. Within the same v′ = v+n series, the
energy spacings vary only by a few meV corresponding
to the difference in the harmonic frequencies of the two
potentials, whereas the neighboring n and n+1 series are
separated by ∼ 0.023 eV (or ∼ 180 cm−1), which is equal
to the experimentally measured vibrational frequency for
the ionic excited states (Fig. 1c).
The calculated weight of the v-v′ pairs is compared
to a frequency spectrum of the experimental quantum
beats in region A/Σ (Fig. 4i). In the plot, the calculated
energy spacings are shifted by −0.04 eV to take into ac-
count an overestimate in the adiabatic excitation energies
(see Supplementary Table 1). A good match is seen be-
tween the strongest peak at 0.32 eV and the calculated
v′ = v − 1 series, and also between the sequence of the
peaks from 0.15 to 0.25 eV and the calculated v′ = v+2–
6 series. Only the v′ = v + n series are resolved in the
present experiments, but an extended scan of ∼ 10 ps
duration, according to simulations, will ultimately reveal
individual v-v′ pairs (see Supplementary Figure 3). In
the conventional Franck-Condon analysis for optical ab-
sorption or photoelectron spectra, spatial overlap is taken
between vibrational eigenfunctions of the initial and final
states of an optical excitation, and a vibrational progres-
sion represents simultaneous excitation of electronic and
vibrational states in molecules. Here, the spatial overlap
is taken between the nuclear wave packets on two elec-
tronic potentials, and the progression signifies the molec-
ular vibronic structure translated as discretized beat fre-
quencies of the coherent electronic motions.
This work establishes a prominent role of vibrational
motions in maneuvering the observed electronic quan-
tum beats in molecules. In the anharmonic potentials
of bromine, the broadening of the nuclear wave pack-
ets transiently leads to decoherence, and the revival of
the electronic quantum beats occur when the wave pack-
ets are localized at the inner-turning points. Potential
anharmonicity is a ubiquitous effect and will be a crit-
ical factor for designing long-lived electronic coherences
in large molecules. It is also suggested that the elec-
tronic coherence between the A2Π3/2,u and
4Σ3/2,u states
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is prepared by a post-ionization, single-photon excita-
tion, which corresponds to the strong pi-pi∗ excitation.
Similar excitation scenarios can potentially be achieved
in other pi-conjugated molecules, such as halo-benzene
and halo-acetylene, wherein well-defined charge migra-
tion can be induced among the electronically excited ionic
states. Lastly, we demonstrate that coherent electronic
motion in molecules are subject to additional quantiza-
tion by the vibrational dynamics. Knowing the tem-
poral behavior and precise frequencies of coherent elec-
tronic motions is fundamental for triggering and captur-
ing charge migration, and this study paves the way to-
ward sub-femtosecond laser engineering of chemical reac-
tivity.
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8METHODS
Experiments. Details of the attosecond transient
absorption apparatus are described in Refs. [12, 16].
The output of a carrier-envelope phase stable tita-
nium:sapphire laser system (790 nm, 1.8 mJ, 1 kHz) is
focused into a neon-filled stretched hollow-core fiber for
spectral broadening, and a few-cycle NIR pulse (< 4 fs,
750 nm, 0.8 mJ) is obtained after phase compensation
by a combination of chirped mirrors, fused silica and an
ammonium dihydrogen phosphate plate [34]. Part of the
few-cycle NIR pulse (200 µJ) is used for high-harmonic
generation in argon to produce an attosecond XUV pulse,
and the other part (90 µJ) is used as an ionization pump
pulse. The XUV spectrum is tuned around 65 eV to ac-
cess the Br-3d core-level absorption edge, and previous
streaking measurements recorded 200-as temporal dura-
tion for similar XUV spectra [34]. Thin aluminum fil-
ters (200-nm thickness) are used to remove the residual
NIR pulse after high-harmonic generation and transient
absorption, while the XUV probe pulse is transmitted.
Pump-on and pump-off spectra (Son(ω) and Soff(ω)) are
measured at every delay step, from which the differen-
tial absorption spectra, ∆OD = − ln(Son(ω)/Soff(ω)),
are obtained. The peak field intensity of the NIR pump
pulse (90 µJ) estimated from the focus-size measurement
(50 µm radius) is ∼ 5× 1014 W/cm2. The bromine sam-
ple (reagent grade) is purchased from Sigma-Aldrich, and
is used at room temperature without further purification.
Electronic-structure calculations of bromine.
Electronic structure of bromine is computed by using
the spin-orbit generalized multiconfigurational quaside-
generate perturbation theory (SO-GMC-QDPT) imple-
mented in the developer version of GAMESS-US [35–37].
The Douglas-Kroll spin-orbit-adapted model core poten-
tial developed by Zeng, Fedorov, and Klobukowski (ZFK-
DK3) and basis sets of triple-zeta quality are used in all
calculations [38–41]. First, a Hartree-Fock calculation
is performed for the neutral ground state at R = 2.32
A˚, and the results are used as initial inputs for the sub-
sequent multiconfigurational self-consistent field calcula-
tions. The complete active space consists of 9 electrons
in 6 orbitals (i.e., σ, pi, pi∗, and σ∗), and all 220 config-
urations are included in the state-average calculations.
Inclusion of all the configurations is necessary in order to
obtain smooth potential results throughout the internu-
clear distance. An effective nuclear charge of Zeff = 40.0
is used for the bromine atoms in the calculation steps of
spin-orbit coupling to accurately reproduce the known
spin-orbit splitting of the X2Πg states (2820 cm
−1 or
0.350 eV) [28].
Simulations of coherent nuclear wave-packet
dynamics. The coherent nuclear wave packet dynamics
of bromine shown in Fig. 3 are simulated by numerically
solving the time-dependent Shro¨dinger equation,
i
∂
∂t
Ψ = HΨ, (5)
where Ψ is a column vector containing nuclear wave func-
tions of the valence and core-excited electronic states.
Equations are expressed in atomic units. The Hamilto-
nian of a diatomic system, not including the rotational
motion, is given by
H(R, t) = − 1
2m
∂2
∂R2
+ V (R), (6)
where m is a reduced mass of a bromine molecule and
V is a diagonal matrix for the potential energies. The
nuclear wave packets are expressed by using the sinc-
function discrete variable representation (sinc-DVR) on
one-dimensional grids from 1.80 A˚ to 4.00 A˚ at the inter-
vals of 0.01 A˚ [42]. The time evolution is computed by
using the short-iterative Lanczos method [43] at 100-as
intervals. The initial wave packets are defined by verti-
cal projection of the neutral ground-state wave function
onto the ionic ground and excited potentials.
